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ABSTRACT: In this paper we study p — e conversion in nuclei within the context of the
Constrained Minimal Supersymmetric Standard Model, enlarged by three right handed
neutrinos and their supersymmetric partners, and where the neutrino masses are generated
via a seesaw mechanism. Two different scenarios with either universal or non-universal
soft supersymmetry breaking Higgs masses at the gauge coupling unification scale are
considered. In the first part we present a complete one-loop computation of the conversion
rate for this process that includes the photon-, Z-boson, and Higgs-boson penguins, as
well as box diagrams, and compare their size in the two considered scenarios. Then, in
these two scenarios we analyse the relevance of the various parameters on the conversion
rates, particularly emphasising the role played by the heavy neutrino masses, tan §, and
especially 613. In the case of hierachical heavy neutrinos, an extremely high sensitivity of
the rates to 613 is indeed found. The last part of this work is devoted to the study of the
interesting loss of correlation between the p — e conversion and p — ey rates that occurs
in the non-universal scenario. In the case of large tan 3 and light H° Higgs boson, an
enhanced ratio of the y — e to u — ey rates, with respect to the universal case is found,
and this could be tested with the future experimental sensitivities.
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1. Introduction

Neutrino physics, in particular neutrino oscillations and the measured neutrino mass differ-
ences, strongly manifest that Nature does not conserve the lepton flavour quantum number
in the neutrino sector [fl, . However, it is not known yet if lepton flavour violation (LFV)
also occurs in the charged lepton sector. If such is the case, one still has to address if LEV
in the neutral and charged lepton sectors arises from a common or different origin. It is well
known that if the Standard Model of Particle Physics (SM) is minimally extended in order
to accommodate the present data on neutrino masses and mixings, the corresponding loop
induced LFV in the charged lepton sector (exclusively induced from neutrino oscillations)
is extremely tiny and hopeless to be experimentally observed. Therefore, a potential future
measurement of LF'V in the charged lepton sector will provide a unique insight into the
nature of new physics beyond the SM (for a review, see [ff]).



Among the various candidates for physics beyond the SM that produce potentially
observable effects in LF'V processes, one of the most appealing are Supersymmetric (SUSY)
extensions of the SM, where a seesaw mechanism [, fj] is implemented to generate neutrino
masses. In these SUSY-seesaw models a new source of LF'V appears in the off-diagonal
elements of the slepton mass matrices, which can be radiatively generated. The size of these
elements is governed by the strength of the neutrino Yukawa couplings and, in the case of
Majorana neutrinos, the latter can be large, of the order of one. The LFV effects in the
charged lepton processes are then induced by flavour violating slepton-lepton interactions,
appearing in SUSY-loop diagrams mediated by sleptons [f].

Concerning the LFV processes, in our work we will focus on those which involve flavour
transitions between the first and second generation of charged leptons. At present, the most
relevant ; — e flavour violating processes are y — e, i — 3e and p— e conversion in nuclei.
The current experimental bounds on the muon decays are BR(yu — ey) < 1.2 x 107! [{]
and BR(p — 3e) < 1.0 x 1072 [§]. Regarding u — e conversion in heavy nuclei, the
most stringent constraints arise for Titanium and Gold, respectively with CR(u — e, Ti)<
4.3 x 10712 [f] and CR(u — e, Au)< 7 x 10713 [[J]. In the future, one expects significant
improvements in the sentitivies to these LF'V rates. For instance, MEG aims at reaching
a sensitivity for g — ey of 10713 [[L1]] in the very near future, which could further be
improved to 1071* in the next 4-5 years [[[2]. Although the situation for BR(u — 3e) is less
certain, one does not expect the sensitivities to better 10713 — 10714 [1J]. Undoubtedly,
the most challenging prospects concern the experimental sensitivities to p — e conversion
in Titanium nuclei. The dedicated J-PARC experiment PRISM/PRIME has anounced a
remarkable improvement, albeit in a farer future, of 10718 [[IJ].

In this paper we will focus on p — e conversion in nuclei, working in the context of
the Minimal Supersymmetric Standard Model (MSSM) enlarged by three right handed
neutrinos and their corresponding SUSY partners, where a type-I seesaw mechanism [ is
implemented. To reduce the number of unknown parameters in the SUSY sector, we choose
to work in the so-called constrained MSSM (CMSSM)(for a review see for instance [[4]),
assuming universality of the soft-SUSY breaking parameters at the scale of gauge coupling
unification, Mx ~ 2 x 106 GeV. An interesting departure from the CMSSM-seesaw can
be obtained by relaxing the universality hypothesis for the soft-SUSY breaking masses
of the Higgs sector. This partially constrained MSSM is commonly referred to as the
Non-Universal Higgs Mass (NUHM) scenario [[L5], and its enlarged version (including right
handed neutrinos and sneutrinos) will be here designated NUHM-seesaw.

Within the context of the CMSSM- and NUHM-seesaw, we conduct here a thourough
analysis of the predictions for the 1 — e conversion rates in nuclei. The present computation
is the first to include the full set of SUSY one-loop diagrams (photon, Z- and Higgs-boson
mediated, as well as box diagrams), and to be strictly done in terms of physical eigenstates
for the exchanged SUSY particles. For all scenarios here addressed, we obtain the low-
energy parameters by numerically solving the full renormalisation group equations (RGEs),
including the neutrino and sneutrino sectors. The photon and Z-boson mediated penguins,
as well as the vector contributions from box diagrams were first computed in the CMSSM-
seesaw in [[[6]. Here we have confirmed their analytical results for the photon-mediated



and box contributions, correcting the analytical expressions for the Z-boson mediated
processes. We further added the scalar contributions from box diagrams and the Higgs-
mediated contributions, and improved the computation, by considering in the numerical
analysis the possibility of either degenerate or hierarchical heavy neutrino spectrum, and
by fitting the light neutrino parameters to the present data.

The effects of the Higgs-mediated contribution on p — e conversion rates were firstly
investigated in [[7, in the context of a SUSY-seesaw with degenerate heavy neutrinos,
working in the effective Lagrangian approximation and in the SU(2); x U(1)y limit. It
was observed that the Higgs-mediated LFV diagrams could provide the dominant contri-
bution for the large tan 8 regime and for small masses of the heavy Higgs scalar, owing
to a tan® 3 enhancement and (m0)~* dependence of the conversion rates. By comparing
the latter with the corresponding u — e7 rates for large universal SUSY-breaking mass
values, Mo, My /5 ~ O(1TeV), they further showed that the ratio of observables CR(u — e,
Al)/BR(p — e7) could be enhanced from a value of O(a) (within the usual dominant
photon-mediated case) to O(107!) for extreme values of tan 3 = 60, Mr = 10'* GeV and
mpo ~ 100 GeV.

In the present work we will explore in full detail the various contributions to the u—e
conversion rates and study the dependence on all parameters entering in the considered
MSSM-seesaw framework. In addition to the relevant role played by the mass of the right
handed neutrinos, my;, the soft masses My, M/, (and My, , for the NUHM-seesaw),
and tan 3, we will show that the light neutrino mixing angle 613 has an important impact
on CR(p — e,Nucleus). The conversion rates turn out to be very sensitive to this angle,
varying in many orders of magnitude (up to five in the case of hierarchical heavy neutrinos)
for 613 values within the present experimentally allowed region 0° < 613 < 10° [i§]. We
will further verify that with the future sensitivity of JPARC (O(1071®)) [[3] most of the
parameter space could be covered.

On the other hand, the comparison between the predictions obtained for the CMSSM-
seesaw and the NUHM-seesaw cases will allow us to draw interesting conclusions about the
departure from the strongly correlated behaviour of CR(u — e, Nucleus) and BR(u — ev),
as predicted in photon-dominated scenarios (as is the case of the CMSSM-seesaw). In the
latter scenario, the ratio of the two rates was found to be at most 1/160 for tan 3 = 50 [[L9].
In contrast, we will discuss here particular scenarios in the NUHM-seesaw, where the ratio
CR(p — e, Ti)/BR(p — e7v) is indeed enhanced with respect to the universal case, by as
much as one order of magnitude, in agreement with the approximate results of [[(7].

One of the most challenging tasks in this y— e conversion process will be to disantangle
between the different scenarios for new physics if a measurement is finally obtained. Indeed,
it has been already noticed in early works [R(] that u — e conversion could constrain new
physics more stringently than ¢ — ey. We will see here that this is the case in the NUHM
scenario. Furthermore, we will also show that, with the expected sensitivities for Titanium
of O(10718), one could distinguish CMSSM- from NUHM- seesaw scenarios by extracting
the scalar contribution to the CR(u — e, Ti) rates.

The paper is organised as follows. In section P we review the most relevant features
of the SUSY-seesaw scenario. The analytical results of the yu — e conversion rates are



presented in section fJ. Section [ is devoted to the numerical results for both CMSSM-
seesaw and NUHM-seesaw scenarios. An extensive discussion about the sensitivities to the
various parameters in these two scenarios is also included. Finally, the conclussions are

summarised in section .

2. The SUSY-seesaw scenario

The leptonic superpotential containing the relevant terms to describe a type-1 SUSY seesaw
is given by
N A A A PN 1 - -
W:NCY,,LH2+ECX/1LH1+§NCmMNC, (2.1)

where N° are the additional superfields that contain the three right-handed neutrinos vp,
and their scalar partners vg,. The lepton Yukawa couplings Y;, and the Majorana mass
myps are 3 X 3 matrices in lepton flavour space. From now on, we will assume that we are
in a basis where Y; and mj; are diagonal.

After electroweak (EW) symmetry breaking, the charged lepton and Dirac neutrino
mass matrices can be written as

m; = Yz v, mp = YVUQ, (2.2)

where v; are the vacuum expectation values (VEVs) of the neutral Higgs scalars, with
vy(2) = v cos(sin)f and v = 174 GeV.
The 6 x 6 neutrino mass matrix is given by

T
MY = ( 0 mD) . (2.3)
mp My

The eigenvalues of M" are the masses of the six physical Majorana neutrinos. In the seesaw
limit, the three right-handed masses are much heavier than the EW scale, my;, > v, and
one obtains three light and three heavy states, v; and N;, respectively.
Block-diagonalisation of the neutrino mass matrix of eq. (.3), leads (at lowest order
in the (mp/mps)"™ expansion) to the standard seesaw equation for the light neutrino mass
matrix,
_ T, —1
m, = —mpmy;mp. (2.4)

Since we are working in a basis where m; is diagonal, the heavy eigenstates are then given
by
diag 7
my = my = diag (mn,, mn,, mn;) . (2.5)

The matrix m,, can be diagonalised by the Maki-Nakagawa-Sakata unitary matrix Unng [R1),
R3], leading to the following masses for the light physical states

mlc}iag _ UI\I/ENS my, Uving = diag (my,, My, M) - (2.6)

Here we use the standard parameterisation for Uynsg given by

c12 €13 $12C13 size "
Unins = | —s12c23 — c12523513€° ciaco3 — s12893513€°  soze1z | LV, (2.7)
5
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with
. ;4 92
V:dlag<el2,ez2,1>, (2.8)
where ¢;; = cos0;;, s;; = sinf;;. 0;; are the neutrino flavour mixing angles, J is the Dirac
phase and ¢1 2 are the Majorana phases.
In view of the above, the seesaw equation (B.4) can be solved for mp as [PJ

mp = i\/mGE R\ my e Ul s, (2.9)

where R is a generic complex orthogonal 3 x 3 matrix that encodes the possible extra
neutrino mixings (associated with the right-handed sector) in addition to the ones in Upns.
R can be parameterised in terms of three complex angles, 0; (i = 1,2,3) as []]

CyC3 —C1 83 — S8182€C3 S183 — C1S82¢C3
R = CyS83 €C1C3 — 818983 —S1€C3 — C1 8283 s (2.10)
52 51C2 C1C2

with ¢; = cos 6, s; = sinf;. Eq. (2.9) is a convenient means of parameterising our ignorance
of the full neutrino Yukawa couplings, while at the same time allowing to accommodate
the experimental data. Notice that it is only valid at the right-handed neutrino scales my,
so that the quantities appearing in eq. (B.9) are the renormalised ones, mgiag (mpr) and
Unins (mar)-

We shall focus on the scenario where the light neutrinos are hierarchical, and we will
assume a normal hierarchy,

My, <K Myy K My, . (2.11)

The masses m,, ; can be written in terms of the lightest mass m,,, and of the solar and
atmospheric mass-squared differences as

m?,2 = Amgol + m
m2 = Am?2,, + m?2 . (2.12)

v3 v

2
vy

Regarding the heavy neutrinos, we will consider the two following cases,

Degenerate: my, = mn, = mn, = mny,

Hierarchical: my, < mpy, < mp; .

Concerning the SUSY parameters, and since we are working within an extended MSSM,
with enlarged neutrino and sneutrino sectors, there will be new soft-SUSY breaking pa-
rameters associated to the latter sectors. Thus, in addition to the usual soft-breaking
parameters for the gauginos (M2 3), Higgs bosons (Mpy;, ,), squarks (mQ, mg, Mp, Ag)
and sleptons (mj, mz, A;), there will also be the sneutrino soft-breaking masses my;, the
sneutrino trilinear couplings A,, and the new bilinear parameter Bjs;. As already men-
tioned in the introduction, we will work in a constrained MSSM, where the number of input



parameters is reduced by assuming partial universality of the soft parameters at the gauge
coupling unification scale, Mx = 2 x 10'6 GeV. Specifically, we will work in two scenarios,
the CMSSM-seesaw with universal scalar masses, trilinear couplings and gaugino masses,
and the NUHM-seesaw with non-universal soft masses for the Higgs bosons. Therefore,
when specifying the parameters of these two constrained MSSM scenarios we will fix, in
addition to the seesaw parameters, the following soft-SUSY breaking parameters at the
scale Mx:

CMSSM-seesaw: Mo , M5 , Ao ,tan 3, sign(u),
NUHM-seesaw: Mo, M5 , Ao ,tan 3, sign(u) , Mg, , M, . (2.13)

The departure from universality in the NUHM-seesaw will be parameterised in terms of
the non-vanishing parameters d; and s,

Non-universality: M7, = Mg (1+61), Mp, = Mg (1+62). (2.14)

For simplicity, and to further reduce the number of input parameters, in this case we will
also impose Mo = M /5 = Msusy-

Once the above set of parameters is fixed at Mx, the predictions for the low-energy
parameters are obtained by solving the full one-loop RGEs, including the extended neutrino
and sneutrino sectors. Due to the existence of intermediate scales mjs introduced by the
seesaw mechanism, the running must be carried out in two steps. The full set of equations
is first run down from Mx to mys. At the seesaw scales, the right-handed neutrinos as well
as their SUSY partners decouple, and the new RGEs (without the equations and terms for
vr and UR) are then run down from mjs to the EW scale, where the couplings and mass
matrices are finally computed.

Working in constrained MSSM scenarios, all flavour mixing originates solely from the
neutrino Yukawa couplings, which induce flavour violation in the slepton sector by the
RGE running from Mx down to the EW scale mz. Flavour mixing is then manifest in the
values of the off-diagonal elements of the charged slepton squared mass matrix. The LL,
RR, LR and RL elements of the latter Ml~2 matrix can be summarised as follows:

- 1 '
Mijﬁ - m%,ij + i <YlT Yl) j + m% cos 23 <—§ + sin® 9W> dij s

;
o .
My = m%l.j + 2 (YZT Yl>z‘j — m?% cos 2( sin? Oy dij
MP2 = v (A;J> — pY vy,
ij2 ji2\*
Mg = (M) (2.15)
In the above, myz denotes the Z-boson mass, 6y the weak mixing angle, and 7,5 = 1,2, 3
are flavour indices. Given that below mj; the right-handed sneutrinos decouple, the low-
energy sneutrino mass eigenstates are dominated by the 7, components. Thus, sneutrino
flavour mixing is confined to the left-handed sector, and described by the following 3 x 3

matrix: 1
17 2
le/] = m%,ij + 5 m2Z COS Qﬁ 5ij . (2'16)
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Figure 1: Photon-, Z-, H-penguin and box diagrams contributing to g — e conversion in nuclei.

The physical masses and states are obtained by diagonalising the previous mass matrices,
leading to

dia, .
Ml~2 & = RO Ml~2R(l)T = dlag(mlgl,...,mlgS),

Mgdiag = RW M2RWT = diag (m2 , m2 m,), (2.17)

v 128

where R(:¥) are unitary rotation matrices.
After having introduced our scenario, in the next section we will summarise some of
the more relevant details leading to the computation of i — e conversion rates in nuclei.

3. Analytical results of the p — e conversion rates

In this section we report the analytical results for the u — e conversion rates in terms of the
parameters introduced in section 2. We emphasise that all the results are obtained in terms
of physical mass eigenstates (with full propagators) for all MSSM particles entering in the
computation, namely, charginos ¥, (A4 = 1,2), neutralinos Y% (A = 1,...,4), charged slep-
tons l;_((X =1,...,6), sneutrinos 7y (X = 1,2, 3) and the neutral Higgs bosons, h? and HO.

For the presentation of the results we closely follow the general parameterisation (and
approximations) of [B]. One starts with the most general effective Lagrangian for four-
fermion interactions which describes coherent i — e conversion. At the quark level, this is

given by
Gr _ _ _ _ _ _
Lo = ~ 7 > {l9rswerirtarsqeri] @+ [9iv Ly 1L + 9rv(gerY" 1r] e}

! (3.1)

where G is the Fermi coupling. Notice that only scalar (S) and vector (V) effective oper-
ators do contribute, with couplings given by gr.s5(4); 9rs(q) a0d 9rv(¢)s IRV (q) (respectively
left and right, in both cases). This effective Lagrangian at the quark level is then converted



into an effective Lagrangian at the nucleon level, by means of the appropriate nucleon form
factors [24]. In the limit of negligible momentum dependence of the nucleon form factors,
(a reasonable approximation given the small momentum transfer in the p — e process), the
quark matrix elements can be simply replaced by the nucleon matrix elements as follows:

(p|aTx qlp) = G pTip,
(n|gTk qn) = G(Ig’n) nlgn, (3.2)

where I' = (1,7,) respectively for K = (S, V). The numerical values of the relevant G’s

are [B, B

aur = g = 2; a = g =1,
ae? = g¢ = 5.1; a¢ = G = 43;
GoP — g = 25, (3.3)

(0)

The conversion rates are then predicted in terms of the relevant isoscalar, gy}, and isovec-

tor couplings, ggg)K (with X = L, R and K = S, V), which are given by:

0 1 R n
ook =5 2 (9xxwG” + oxxw i) .

q=u,d,s
1 1 , n
9&}( =3 Z (QXK(q)G%p) - gXK(q)G% )> . (3.4)
q=u,d,s

Further working under the approximation of equal proton and neutron densities in the
nucleus, and of a non-relativistic muon wave function for the 1 s state, the final formula for
the p — e conversion rate, relative to the the muon capture rate, can be finally written as

Pe Fe mz G% a3 Z;lﬁ F]?

CR(u — e, Nucleus) = Y (3.5)
T

x {((Z+N) (of + 98%) + 2= V) (o + o) +

|+ 0 (o8 +0) + 2 - ) (o + ) [}

capt
where Z and N are the number of protons and neutrons in the nucleus, while Z.g is an
effective atomic charge, obtained by averaging the muon wave function over the nuclear
density [Rg]. F, is the nuclear matrix element and I'c,pe denotes the total muon capture
rate. The other quantities in the above formula correspond to the muon mass, m,,, the
momentum and energy of the electron, p. and E, (which are set to m, in the numerical
evaluation), and the electromagnetic coupling constant, «.

We have computed the full set of one-loop diagrams contributing to the quantity
CR(p — e,Nucleus): y-penguins, Z- and Higgs-boson penguins and box diagrams. These
are schematically drawn at the quark level in figure [l and receive contributions from several
diagrams, mediated by SUSY particles, which are collected in appendix [A]. The analytical



results of the computation are summarised in terms of the contributions of these diagrams
to the vector and scalar couplings,

Z B
9Lv(e) = gz\/(q) +9vig) T ILvig) -
9rLs(q) = gfg(q) + g%v(q) . (3.6)

In the above, the photon couplings gZX(q), the Z-boson couplings gfx(q), the H-boson
couplings ng(q)’ and the couplings arising from the boxes gLBX(q) (with X = V,S) are
respectively given by

\fQQ

gLV(q ( ) )
7 B \/_ Z?J + Zq Fr
Ive) = TG, T mZ’
B \/5 n)LV c)LV
sbvio =~ (B +BPM)
H V21 1 (p) (p) (p)
9Ls(q) = T Gr2 Z 2, Hy (SL,q + SR,q) ;
p
B \/5 n)LS c)LS
9Ls(q) = _G_F <Bé ) + Bé ) ) . (3.7)

Likewise, for the right-handed couplings we find

JRV(q) = gLV(Q)‘L«—»R ’

IrS() = IL5@)| s - (3.8)

The explicit formulae for the form factors of the photon (AE1 2};)) of the Z-boson (F(r g)),

of the Higgs-boson (H((L)R), where p = 1,2,3 corresponds to H, = h%, H°, A%), and of the

n,c)(L,R)(V,S
(BAWRIV:S)

box diagrams are listed in appendix []. In each case, the relevant couplings

(L R)’ S((]Z)R) etc., can be found in appendix [B.

It is important to stress that Sﬁ?} + Sg’}l vanishes and therefore there are no con-
tributions from the CP-odd Higgs boson A°. This is a consequence of working in the
approximation of coherent p — e conversion, in which case the initial and final nucleus
state is the same, thus leading to vanishing matrix elements for pseudoscalar currents like
(Nucleus | §v5 ¢ | Nucleus). Also notice that from the values of the S((? Rr)q Higgs couplings,
one can anticipate that in the large tan 8 and small Higgs mass regime, the dominant Higgs
contribution will be that of HY.

When compared to the results obtained in [[[§], our expressions coincide in the formulae
for the photon-penguins. Up to a global sign, the vector contributions from boxes also
agree. Discrepancies occur regarding the Z-penguins, and the differences can be read by
comparing our expressions in eqs. (44-48) of appendix [A], with those of eqs.(22-29) in [[L§].
As previously mentioned, we have included in addition scalar contributions from boxes and
Higgs-mediated diagrams not considered in [[[6].



A connection between our results for the Higgs contributions and those reported in [[[7]
can be established in the large tan § limit, writing the output in the mass-insertion ap-
proximation format. Under these conditions, and considering the limit of a common
mass for all SUSY particles involved, which is much larger than the SM particle masses,

Moo ~ 1 ~ Mgusy > my, one arrives at the following simple expression for the dominant
HY form factor [27]

3
m 1
g? = LT 5l tan®B 1+ (1 — 3tan26 3.9
L @n)? 2my 2 B +2( w)l (3.9)
where the first term arises from chargino mediated loops, while the second stems from
neutralino mediated contributions. In the mass insertion approximation, the dominant
slepton mixing effects are associated with 5l21, which can be written as:

(Am%)m

8y = (3.10)

2
MSUSY
From the above, one can finally obtain a simple expression for the H? contribution to
the conversion rate, which is clearly dominated by the strange quark coupling, due to the
enhancement in the coupling by ms. This arises via g(LOS) o~ gfg(s)Gg’p ) with

O V21 1 (2) gm
e = a3 L m—WS tan 3. (3.11)

Plugging this simplified result for the g(Log coupling into the approximate conversion rate

for the Higgs-dominated case,

De Ee mi G2 a? Z% F]? ]2 1
CR(p — e, Nucleus) ~ 7 e ‘(Z +N)gré Toant (3.12)

we obtain the expected tan® 3 enhancement of the H contribution. Moreover, the depen-
dence on the Higgs mass (m+), as well as the typical prefactor |db;|? accounting for the
HO

lepton flavour changing effect are equally recovered. Working with this approximation, and
taking a specific value of 5l21 = 1073, allows to obtain an order-of-magnitude estimate for
the conversion rate in the case of Titanium nuclei,

11 4 6
CR(y — e, Ti) =~ (9(10—12)< 5Gev> <tanﬁ> , (3.13)
m o 50

in agreement with the estimate of [[[7].

Finally, it is worth mentioning that the heavy SUSY particles do not decouple in
the Higgs contributions to the p — e conversion rates. This can be understood from the
previous result of Hg) in eq. (B.9), which is constant in the large Msygy limit. This SUSY
non-decoupling effect has also been noticed in association to other Higgs-mediated LFV

processes [R7-B(].

,10,



SPS | My 5 (GeV) | My (GeV) | Ag (GeV) | tanf | p
la 250 100 -100 10 >0
1b 400 200 0 30 >0
2 300 1450 0 10 >0
3 400 90 0 10 >0
4 300 400 0 50 >0
) 300 150 -1000 5 >0

Table 1: Values of M5, Moy, Ao, tan 3, and sign u for the SPS points considered in the analysis.

4. Numerical results and discussion

In this section we present the numerical results of the p — e conversion rates in nuclei
within the SUSY-seesaw context described in section f.  We begin by addressing the
CMSSM-seesaw, and then proceed to the NUHM-seesaw. In both scenarios, we consider
the dependence of the theoretical predictions for the conversion rates on the most relevant
SUSY-seesaw parameters. In our discussion, we will give a particular emphasis to the most
significant differences between the CMSSM- and NUHM-seesaw scenarios.

The numerical results presented in this section are mainly devoted to the particular case
of Titanium nuclei, given that one expects a notable improvement of future experimental
sensitivities in that case [[LJ). However, some additional predictions for other nuclei are
also included here, for comparison. The case of Gold nuclei is of particular interest, since
at present the most stringent bound is that of CR(u — e, Au) [[L]].

For the purpose of numerical evaluation, we begin by defining the input parameters at
the gauge coupling unification scale, Mx. In the case of a CMSSM-seesaw scenario, and
instead of scanning over the full (M1/2, My, Ay, tan 3, signu) parameter space, we study
specific points, each exhibiting distinct characteristics from the low-energy phenomenology
point of view. We specify these parameters by means of the “Snowmass Points and Slopes”
(SPS) [B]] cases defined in table fl.

In the case of the NUHM-seesaw scenario, and in order to reduce the number of input
parameters, we set Mo = M; /5 = Msuysy, and explore the (Msuysy , Ao, tan 3, sign p, 61, 92)
parameter space considering the following intervals:

250 GeV < Mgyusy < 1000 GeV
—500GeV <Ay < 500GeV
5 < tanf < 50,
—2 <51, 6y < 2. (4.1)

In addition, we also consider the two possibilities, sign(u) = +1.

To obtain the low-energy parameters of the model (and thus compute the relevant
physical masses and couplings), the full one-loop RGEs (including the neutrino and sneu-
trino sectors) are firstly run down from My to the right handed neutrino scale my;. At
this scale we impose the boundary condition of eq. (2.9). After the decoupling of the heavy
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neutrinos and sneutrinos, the new RGEs are then run down from mj; to the EW scale,
at which the conversion rates are computed. Notice that, in the case of hierarchical heavy
neutrinos, the sequential running is done from Mx down to my, and from my, down to
the EW scale. This implies that we do not take into account the running effects from the
intermediate right handed neutrino scales, i.e. from my, to my, and from mpy, to my,.
We have estimated these threshold effects by means of the leading logarithmic (LLog) ap-
proximation, verifying that they are indeed negligible for the numerical values chosen in
the present work.

The numerical implementation of the above procedure is achieved by means of the
public Fortran code SPheno2.2.2 [BJ]. The value of My is derived from the unification
condition of the SU(2) and U(1l) gauge couplings (systematically leading to a value of
Myx very close to 2 x 10'6 GeV throughout the numerical analysis), while |p| is derived
from the requirement of obtaining the correct radiative EW symmetry breaking. The code
SPheno2.2.2 has been adapted [BJ] in order to fully incorporate the right-handed neutrino
(and sneutrino) sectors, as well as the full lepton flavour structure. The computation of the
1 — e conversion rates in nuclei, as well as of other LE'V observables, has been implemented
into the code by means of additional subroutines.

Regarding the light neutrino masses and the Uyng matrix elements, we take the fol-
lowing input values:

Am2; =8 x107°eV?, AmZ, =25 x103eV?, m, = 1073 eV,

O12 = 30°, 0G93 = 45°, 613 < 107, 0 =d¢1 = ¢ =0, (4.2)
compatible with present experimental data (see, for instance, the analyses of [[§]). We do
not address the impact of non-vanishing Uyng phases (Dirac or Majorana) in the u — e
conversion rates.

Finally, although not used in this work, it is clarifying to recall that a simplified
estimation of the generated flavour mixing in the slepton sector can be obtained by means
of the LLog approximation. Using the latter, the relevant off-diagonal slepton mass matrix

element for the processes involving lepton flavour violation in the pu — e sector (as is the
case of  — e conversion in nuclei) can be given as

1 M
(Am%)ﬂ = _871'2 (3 Mg + A(Z)) (YVT LYV)Ql ; Ly = log (ﬁ) Okl - (4.3)
k

Writing (Y;/ LY, )1 using the parameterisation of eqs. (B5), (B-10), and considering the
limit of m,, = 0, ¢12 = § = 0 (which is appropriate for the subsequent discussion), one
obtains the following expression:

v% (YVJr LY,)21 = Lszmnps, [013 VM, €5 81 812 + /Ty €] € 313] (4.4)
(/s €1 13 Sa3+ /My 2 51 (C12 Co3 — S12 513 523) |
+Loamp, [y/Mu; cr13 (c] 5 — 5183 83) s12 — /My (c5 87 + ¢ 83 83) s13]
[ /Mg c13 (c3 51 4 €152 53) 823 + /My, (c1c3 — 515253) (1223 — 512 513 523)]
+Lump, [= /M, c13 (58783 + €1 85) s12+ /My, (=] 585+ 57 85) s13]
[/ c13 (—c1¢352 + 51.83) S23 — /T, (€351 52 + €1 53) (€12 C23 — 512 513 S23)]
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In what follows, we begin by investigating the theoretical predictions for the y—e conversion
rates in Titanium nuclei within the CMSSM-seesaw.

4.1 Universality: CMSSM-seesaw

The numerical results of the CR(u—e, Ti) within the CMSSM-seesaw scenario are displayed
in figures f through . The following discussion is focused on the most relevant parameters,
namely mpy;,, 0123, 013, tan 3, My and MI/Q.

In figure ], we display the prediction of CR(u — e, Ti) as a function of the heavy
neutrino masses for the various SPS points, and for the particular choice §; = 0 (i =
1,2,3) and #1353 = 5°. We also consider the case of degenerate and hierarchical heavy
neutrino spectra (respectively left and right panels). In both scenarios for degenerate
and hierarchical heavy neutrinos, we find a strong dependence on the the heavy neutrino
masses. We also see that the rates for the various SPS points exhibit the following hierarchy,
BR4 > BRyp 2 BR1y > BR3 2 BRy > BRjs. This behaviour can be understood in terms
of the growth of the CRs with tan §, and from the different mass spectra associated with
each point.

In the case of degenerate heavy neutrinos, we find the expected fast growing behaviour
of CR(p — e, Ti) as a function of the common neutrino mass my. For the values of my
within the studied interval [109 GeV, 101 GeV] , the predictions for the CR(u—e, Ti) range
over ten orders of magnitude. We also see that, for the chosen input parameter values,
the predicted rates cross the experimental bound for the large my region. In the latter,
the Yukawa couplings can be large (for instance, Y35 and Y35 can be O(1), while Y3, and
Y can be of O(107?)), leading to excessively large rates, so that these large my values
are disfavoured by data. The experimental bound is saturated for my values ranging from
2 x 10'3 GeV for SPS 4 up to about 10'5 GeV for SPS 5. In the case of hierarchical heavy
neutrinos a similar behaviour of the predicted rates is found with respect to the heaviest
neutrino mass, my,. We have also checked that the conversion rates do not significantly
depend on my, and mpy,, provided that their values are kept well below mpy,. With the
planned future sensitivity of 1078 it will be possible to reach into wider regions of the
heavy neutrino spectrum. Heavy neutrino masses above 102 GeV can be probed for the
several considered scenarios.

For most of the studied points, the previously illustrated dependence of the rates on the
heavy neutrino masses is in agreement with the expected behaviour |my logmy|? obtained
in the LLog approximation (as derived from eq. ({.4)). However, a clear departure from
this approximation is found for some points, the most remarkable being the case of SPS 5.
This failure of the LLog approximation has been known to happen in some scenarios, for
instance those with either large Ao, or low My and large M/, B4.

The predictions for CR(u — e, Ti) as a function of the R-matrix angles, 623, are
displayed in figure f]. In this case we have fixed the other relevant parameters as 613 = 5°,
my = 1013 GeV and my, = (101°,10'!,10'3) GeV (degenerate and hierarchical heavy
neutrinos, respectively) and chosen SPS la. To fully explore the variation of the rates with
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Figure 2: CR(p — e, Ti) as a function of the relevant heavy neutrino mass: my (on the left)
and my, (on the right), respectively associated with the degenerate and hierarchical cases. The
predictions for SPS 1a (dots), 1b (crosses), 2 (asterisks), 3 (triangles), 4 (circles) and 5 (times) are
included. On the upper horizontal axis we display the associated value of (Y, )s3. In each case,
we set 613 = 5°, and consider the limit where R =1 (0; = 0). A dashed (dotted) horizontal line
denotes the present experimental bound (future sensitivity).

the complex angles' #;, we have scanned the intervals 0 < |§;| < 7 rad and 0 < arg; < 5
rad. From this figure we see that the dependence on the three 6; is very similar in the
degenerate case, whereas the same does not occur for hierarchical heavy neutrinos. In the
former, the rates smoothly grow with both modulus and argument, and are independent
of #; in the real case. In the latter, the rates are almost independent of A3, and present a
different minima pattern regarding 61 and 3. The deep minima occuring in the real case
are a consequence of the corresponding minima appearing in the relevant elements of the
Yukawa couplings (as given by eq. (B.9)). Notice that the observed behaviour of CR(u — e,
Ti) as a function of 6; can be indeed easily understood from the simple analytical expression
obtained in the LLog approximation (cf. eq. (f.4)).

The most important outcome from figure g is that for both cases of degenerate and
hierarchical heavy neutrinos, complex values of #; can increase the y — e conversion rates
by almost five orders of magnitude with respect to the 6; = 0 case. Only for a few specific
choices of 6; (for instance real 61 or 6y, in the hierarchical case) can we observe a strong
decrease with respect to the 6; = 0 case, but clearly this is not a generic situation.

In the following, and in order to simplify the analysis with respect to the other param-
eters, we will set #; = 0, and assume that the corresponding predictions for the CR(u — e,

Ti) will constitute a representative case for the lowest conversion rates.

In figure {] we show the dependence of the p — e conversion rates on the light neu-

!Complex 6; may imply the presence of CP violation in the neutrino Yukawa couplings. In addition to
affecting the LFV rates, these phases will induce contributions to flavour-conserving CP violating observ-
ables, as is the case of charged lepton electric dipole moments (EDMs). Throughout the present study we
have verified that the associated predictions for the charged lepton EDMs are in agreement with current

experimental bounds [E]
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Figure 3: From top to bottom, CR(u — e, Ti) as a function of |6;| (i = 1,2,3), for argf; =
{0, n/8, /4, 3w /8, w/2} (dots, crosses, asterisks, triangles and circles, respectively). Both |6;]
and arg#, are given in radians. On the left we consider degenerate heavy neutrinos (with my =
103 GeV), while on the right the hierarchical case is displayed (with my, = (101°,1011,10'3) GeV).
In all cases we take 613 = 5°, and set the CMSSM parameters to the SPS la case. A dashed
(dotted) horizontal line denotes the present experimental bound (future sensitivity).

trino mixing angle 613. The other parameters are set to my = 104GeV, my, =
(1019, 10!, 10') GeV, ( respectively for degenerate and hierarchical heavy neutrinos) and
f; = 0. All the SPS points in table [l have been considered. For degenerate heavy neu-

trinos, the dependence on fy3 is softer than what is observed for the hierarchical case,
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Figure 4: CR(u — e, Ti) as a function of 615 (in degrees), for SPS la (dots), 1b (crosses), 2
(asterisks), 3 (triangles), 4 (circles) and 5 (times). On the left we consider degenerate heavy
neutrinos (with my = 104 GeV), while on the right the hierarchical case is displayed (with my, =
(101910, 10'*) GeV). In both cases we choose R =1 (§; = 0). A dashed (dotted) horizontal line
denotes the present experimental bound (future sensitivity).

leading to a variation in the rates of at most one order of magnitude in the studied range
of 0° < 613 < 10° (the only exception being SPS 5, where the variation can reach up to
two orders of magnitude). In contrast, this figure clearly manifests the very strong sen-
sitivity of the CR(u — e, Ti) to the #13 mixing angle for hierarchical heavy neutrinos. In
the hierarchical case, a variation of #q3 in the studied interval leads to an increase in the
conversion rates by as much as five orders of magnitude. This huge variation is due to
the strong decrease of this observable for very small 613 angles, as can be easily under-
stood from the dependence on this angle of the dominant (Lzgmyy/Myzcic3siz) term in
eq. (£4). Furthermore, the minimum of CR(u — e, Ti) is expected to occur at a vanishing
mixing angle, but this being the value at the seesaw scale, i.e., f13(mps) = 0. The deep
minima in figure f| are at 613(myz) ~ 0.2°, which is precisely the RGE shifted value at my
from 613(mas) = 0. As 6013 grows, the predictions for SPS 4, SPS la and SPS 1b cross
the present experimental bound. In particular, notice that for SPS 4, and for the present
choice of input parameters, 613 values larger than 2° would be excluded by present data.

An equally remarkable sensitivity to 613 has been found in other p — e violating pro-
cesses, like 4 — ey and p — 3e, and also in tau decays as is the case of 7 — ey and
7 — 3e [B4]. This interesting behaviour with 613 has been proposed in [B4] as a powerful
tool to test the seesaw-1 hypothesis for neutrino mass generation and, in case of a mea-
surement of these branching ratios, as a unique way to derive some hints on the seesaw
parameters, especially on the value of my,. The u — e conversion rates here presented will
certainly add new interesting information on this type of analysis. Figure ] also shows
that with the expected future sensitivity of 10718, the full 0° < 613 < 10° interval can be
thoroughly covered.

In the following study we will restrict ourselves to the hierarchical case where we have

found this strong sensitivity to #13. For definiteness, we will also fix the heavy neutrino
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Figure 5: Contributions to CR(p — e, Ti): total (dots), v-penguins (diamonds), Z-penguins
(asterisks), H-penguins (crosses) and box diagrams (times). On the left we present the dependence
on tan 3, for My = M;/5 = 250GeV and Ay = 0. On the right, we exhibit the evolution as a
function of My(= M, /2), for tan 3 = 30 and Ay = 0. In either case, we consider hierarchical heavy
neutrinos with my, = (1019,10%,10'%) GeV, and set 013 = 5°, and R = 1 (6; = 0). A dashed
(dotted) horizontal line denotes the present experimental bound (future sensitivity).

masses and 6013 to “reference” values of my, = (1010, 101, 1014) GeV and 615 = 5°.

Figure [ illustrates the predictions for the CR(p— e, Ti) as a function of tan 3, My and
M; /5. Here we have separately displayed the various contributions to the p — e conversion
rates in order to conclude about their relative importance in this CMSSM-seesaw scenario.
We set the values of the remaining CMSSM parameters to My = M/, = 250 GeV in the
study with tan 3 (left panel) and to tan 8 = 30 in the study with Msuysy = Mo = M,
(right panel), taking Ag = 0 in both cases. We choose our “reference” values of mpy; ,, =
(1019, 10!, 10') GeV, 013 = 5°, and 6; = 0.

In both panels of figure f| we clearly observe the dominance of the photon-mediated
contributions, which are in fact indistinguishable from the total CR, for all the explored
parameter ranges. The dependence of the various contributions on tan 3 illustrates the
expected fast growing behaviour with tan® 3 of the Higgs-mediated contributions, and
the milder tan? 3 dependence of the photon-mediated ones. In addition, we see that the
Z boson-mediated and the box diagram contributions are almost independent of tan f.
Although not displayed in this plot, we have also verified that the Higgs-mediated contri-
bution is largely dominated by the exchange of H°, which is indeed the Higgs boson with
enhanced couplings to charged leptons in the large tan 3 regime.

The decoupling behaviour for large Mgygy of each of these contributions (CR.,, CRz,
CRpy and CRypey) is clearly manifested in the right panel of figure . The most impor-
tant conclusion from this figure is that, within a CMSSM-seesaw scenario, the ~-penguin
diagrams completely dominate the conversion rates, even for the largest tan 3 considered
(tan 3 =50). Therefore, the total CR(u — e, Ti) does not manifest the Higgs contributions,
so that in this universal scenario there is no chance for the u — e conversion process to
provide any information on the Higgs sector. We will see next that the situation is remark-
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ably different in the non-universal case, where the Higgs contributions turn out to be much

larger than in the universal case.

4.2 Non-universality: NUHM-seesaw

The numerical results for the NUHM-seesaw scenario are collected in figures [ through [[1].
In order to study the influence of the hypothesis of non-universal Higgs soft-SUSY
breaking masses, My, ,, on the u — e conversion rates, we have first explored the impact
of the non-universality parameters d; and ds on the predicted Higgs boson masses. The
values for these parameters have been taken to lie within the interval —2 < ;o < 2.

The predictions for the relevant Higgs boson mass, mpgo, as a function of §; and do
are summarised in figure . We have chosen here the largest value of tan 3 = 50 and three
representative values of Mguygy = 250, 500 and 850 GeV for moderate, heavy and very
heavy SUSY spectra, respectively. The other parameters are set to our “reference” values
of my, = (10'°,1011,10*) GeV, 6; = 0, Ag = 0, 613 = 5° and sign(u) = +1.

First, it is important to mention that not all the considered values of the 41 » parameters
and Mgysy allow for a correct SU(2) x U(1) breaking. In fact some particular choices for
01, 62, and Msysy lead to unacceptable negative values of By (and hence, negative m?AO).
For instance, this is the case when ¢; 2 are simultaneously positive or negative. Some other
points, despite leading to a proper SU(2) x U(1) breaking, are nevertheless not acceptable,
since they lead to a Higgs boson sector which is too light, with masses below the present
experimental lower limits. To ensure that our results are indeed experimentally viable, we
have included in this, and in the following figures, only the solutions where the three neutral
Higgs boson masses are above the experimental bound for the lightest MSSM Higgs boson,
which at present is 110 GeV for tan 8 > 5 (99.7% C.L.) [P]. The most interesting solutions
with important phenomenological implications are found for negative §; and positive s,
the choice selected for figure []. In this figure, for all the explored values of §; and o,
we find a value of myo that is significantly smaller than what one would encounter in
the universal case (here represented by the choice 6; = d = 0). This is truly remarkable
in the case of large soft-breaking masses, as can be seen, for instance, in the panel with
Mgyusy = 850 GeV, where low values of m o are still found, even close to the experimental
limit. For completeness we have also shown in figure | the predictions for the y parameter
as a function of §; and do. This parameter turns out to be nearly independent of 41, and
its largest values are obtained for d = 0.

The behaviour of the predicted mpo and p parameter as a function of Mgysy =
Mo = M, 5 is shown in figure fl. Here the specific values of §; = {—1.8, —1.6, —1, 0} and
05 = 0 have been considered. This figure again illustrates the interesting departure from
the linear behaviour of myo with Msygy, which is generic in the universal case (412 = 0).
In contrast, the p parameter conserves a similar linear behaviour with Mgygy in all the
studied scenarios (universal and non-universal).

As a representative example of these interesting non-universal points, we explicitly
refer to the case with 61 = —1.8 and d9 = 0, where the predicted masses are mpyo = 113,
174 and 127 GeV for Mgysy = 250, 500 and 850 GeV, respectively. For completeness,
we have also collected the corresponding masses of the other relevant SUSY particles in
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Figure 6: Mass of the heaviest Higgs scalar (mgo) as a function of the non-universality parameter
91, for fixed values of §; = {0, 0.5, 1, 1.5} (respectively dots, crosses, asterisks, triangles). The
universality case d12 = 0 is represented by a large circle. We also take my, = (10'°,10'!, 101)
GeV, set 0; = 0, Agp = 0, tan8 = 50 and impose the relation My = M. The first three
plots correspond to My = 250, 500 and 850 GeV, respectively. On the fourth plot, we display the

1 parameter as a function of the non-universality parameter 1, for fixed values of 2, and for
MO = M1/2 = 500 GeV

table f. Notice that, in the case of Mgysy = 850 GeV, this table illustrates a very heavy
SUSY spectrum, even with a considerably heavy lightest SUSY particle, mgo = 362 GeV,
but where the relevant Higgs boson is still light, m g0 = 127 GeV.

In the following we present the predictions of the y — e conversion rates in Titanium
nuclei within the NUHM-seeesaw scenario. First we display in figure [ the CR(— e, Ti) as
a function of My = M/, = Mgusy and of Ay for the particular choice 6; = —1.8 and d3 = 0.
In order to illustrate the impact of the non-universality hypothesis on the conversion rates,
we have separately displayed in this plot the various contributions from the ~-, Z-, Higgs
mediated penguins and box diagrams. We observe a very distinct behaviour with Mgugy
of the Higgs-mediated contributions when compared to what was found for the CMSSM
(universal) case, shown in figure f]. In fact, for the choice of input parameters in this plot,
the Higgs-mediated contribution can equal, or even exceed that of the photon, dominating
the total conversion rate in the large Mgysy region. Both photon- and Higgs-mediated
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Figure 7: On the left, mass of the heaviest"Higgs scalar (mpgo) as a function of the SUSY scale
(Msusy = Mo = Mj /3), for fixed values of 0y = {—1.8, —=1.6, —1, 0} (respectively crosses, asterisks,
triangles and circles). We take my, = (10'°,10',10') GeV, and set 6; = 0, Ay = 0, tan 3 = 50
with 613 = 5°. On the right, the py-parameter is displayed as a function of Mgygy, for the same

choices of SUSY-seesaw parameters.

MSSM masses | Mgusy (GeV)
(GeV) 250 | 500 | 850
my, 175 | 415 | 734
mj, 258 | 511 | 867
my, 258 | 511 | 867
my, 307 | 594 | 985
my 309 | 607 | 1025
my 323 | 609 | 1031
M, 281 | 571 | 971
Mo, 297 | 601 | 1022
My 299 | 605 | 1028
M- 185 | 395 | 687
My 379 | 679 | 1075
mso 99 | 207 | 362
msgo 185 | 394 | 687
mso 363 | 668 | 1067
mso 377 | 678 | 1074
mpo 110 | 119 | 123
m o 113 | 174 | 127

Table 2: Relevant MSSM spectra for My = M, )2 = Msusy, tan 3 =50, Ag =0, 6; =0, 613 = 5°,
My, = (1019,10%,10'4) GeV, 6; = —1.8 and dy = 0.

contributions are similar around Mgsysy = 700 GeV. These larger Higgs contributions are

the obvious consequence of the lighter Higgs boson mass values encountered in this region,
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Figure 8: Contributions to CR(u — e, Ti) as a function of My(= M;/2) (left) and Ao (right): total
(dots), y-penguins ( diamonds), Z-penguins (asterisks), H-penguins (crosses) and box diagrams
(times), for 67 = —1.8 and 02 = 0. We set tan 8 = 50 and take 615 = 5°, R = 1 (§; = 0) and
my, = (10'%,10'",10') GeV. On the left Ay = 0, while on the right we choose Mo(= M) =
700 GeV. In each case, a dashed (dotted) horizontal line denotes the present experimental bound
(future sensitivity).

as previously illustrated in figures [ and [. The non-decoupling behaviour of the SUSY
particles for the large Mgysy regime can be seen in the Higgs contribution, and thus in the
total rates for the Higgs-dominated case.

For completeness, we have also explored other choices of Ay and sign(p). The case
of sign(p) = —1, whose numerical results are not presented here, does not evidence any
interesting new feature. In fact, there is a much more reduced §;, §o parameter space
allowing for the correct SU(2) x U(1) breaking. In addition, for sign(s) = —1 we have
not found solutions displaying as small values of mpo as in the case of sign(u) = +1.
The predicted Higgs contributions to the conversion rates are correspondingly smaller, and
therefore less interesting. Regarding Ag, the right panel in figure § shows that all the
contributions are essentially independent of the value of the universal trilinear coupling, so
that our selected value, Ag = 0, is in fact a good representative point.

Within the NUHM-seesaw scenario, we have also studied the p — e conversion rates
for other nuclei. The case of Gold is particularly interesting since its present experimental
bound of 7 x 10713 [[[(] is more stringent than the present bound for Titanium (4.3 x
10712 [{]). In figure f] we display the predicted p — e conversion rates for Al, Ti, Sr, Sb,
Au and Pb, as a function of Mgysy. We have chosen two light, two moderate and two
heavy nuclei and we have fixed the other parameters to those of the previously elected
non-universality reference point (with §; = —1.8 and d2 = 0). For completeness, the values
of the relevant parameters for these nuclei, Zeg, I}, and I'capture, have been collected in
table | and follow [B3]. In this figure we clearly see that throughout most of the explored
Msgugsy interval, the relative conversion rates obey the hierarchy CR(u—e, Sb) > CR(u—e,
Sr) > CR(u—e, Ti) > CR(p—e, Au) > CR(p—e, Pb) > CR(p—e, Al), in agreement with
the generic results in [B]. We do not find a significant difference in the large Mgygsy region,
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Figure 9: ;1—e conversion rates for various nuclei as a function of My = M /5 in the NUHM-seesaw.
We display the theoretical predictions for Sb, Sr, Ti, Au, Pb and Al nuclei (diamonds, triangles,

dots, asterisks, times and crosses, respectively). We have taken my, = (101°,10'!,1014) GeV,
Ag = 0, tan 8 = 50, 613 = 5° and R = 1 (6; = 0). The non-universality parameters are set
to 61 = —1.8 and 6, = 0. From top to bottom, the horizontal dashed lines denote the present

experimental bounds for CR(x — e, Ti) and CR(u — e, Au).

where the Higgs-contribution dominates the ratios. The predicted rates for Ti, Au and Pb
tend to converge whereas the corresponding curve for Al nuclei deviates slightly from the
others at large Msusy, but we do not consider these differences among the predictions for
the various nuclei to be relevant. The most important conclusion from figure f| concerns
the fact that we have found predictions for Gold nuclei which, for the input parameters in
this plot, are clearly above its present experimental bound throughout the explored Msyusy
interval. However, it should be recalled that the formulae here used for these estimates
come from approximations that may not properly work for the case of very heavy nuclei.
These heavy nuclei deserve a more dedicated and refined study.

Before proceeding with our analysis, let us briefly mention that for the region inves-
tigated in figure [, the SUSY contributions to the anomalous magnetic moment of the
muon, a, = (g, — 2), range from aEUSY = 1078 for Mgysy = 250 GeV to aﬁUSY = 1077,
in association with Mgysy = 850GeV. The latter values are in fair agreement with
the observed excess in a;," when compared to the SM prediction, which is given by
aEUSY = a,” — aEM = 3.32 x 1079 at 3.80 (for a review, see for instance [Bf and ref-
erences therein).

To complete our study of the p — e conversion rates in the NUHM-seesaw scenario
we have compared the theoretical predictions for the CR(u — e, Ti) with those for the
BR(p — e7y). We recall that both observables are sensitive to the same leptonic mixing
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E‘Nucleus Ze | Fp Leapt (GeV)
AL | 115 | 0.64 | 4.64079 x 10719
35 Ti 17.6 | 0.54 | 1.70422 x 10718
89Sr 25.0 | 0.39 | 4.61842 x 10718
221Sb | 29.0 | 0.32 | 6.71711 x 10718
197Au | 33.5 | 0.16 | 8.59868 x 10718
2™Pb | 34.0 | 0.15 | 8.84868 x 10718

Table 3: Values of Zeg, Fj, and I'capt for different nuclei, as taken from [@]

given by the slepton mass matrix entries connecting the first and the second generation.
In the usual photon-penguin dominated case, the latter two quantities are known to be
highly correlated, and this is indeed what occurred for the CMSSM-seesaw discussed in
section [L.I]. In other seesaw scenarios, as for instance, SUSY-GUT seesaw [B7 or the
inverse seesaw [Bg], this strong correlation still persists. However, for some scenarios where
the photon-mediated diagrams are no longer the dominant contributions to the conversion
rates, the strong correlation between CR(p — e, Ti) and BR(u — ey) can be lost. For
instance, this loss of correlation has been found in the case of Littlest Higgs Models, as
recently pointed out in [BY].

We have also found an interesting loss of correlation in the present case of the NUHM-
scenario, where, as previously discussed, the Higgs-contributions can be the dominant
ones. The departure from the strongly correlated regime for (CR(pu — e, Ti), BR(p —
ey)) is illustrated in figure [I(, considering several choices of the neutrino mixing angle
013 = 10°,5°,1°,0.2°. For all plots the predictions for (CR(u — e, Ti), BR(1x — e7v)) have
been derived for several choices of the non-universality parameter J;, scanning over the
following interval 250 GeV < Mgyusy < 1000 GeV. In each of the panels, the predictions
for (CR(u — e, Ti), BR(n — e7)) that correspond to d; = d, = 0 fall upon a straight line,
which strongly supports the correlated behaviour of the two observables in this case. As
Mgusy increases within the considered interval, (CR(u — e, Ti), BR(x — e7)) moves left
and downwards along the straight line due to the obvious decrease of the rate with Mgysy.

However a clear departure from the previous strongly correlated predictions is found
for other values of 41, do. In particular, for the specific 4; and d9 values where, as previ-
ously shown, the Higgs contributions dominate the y — e conversion rates, the predicted
(CR(p — e, Ti), BR(t — e7)) points exhibit a different behaviour, deviating from the
straight line associated with the universal case. The separation between the correlated
and uncorrelated regimes is maximal for the §; = —1.8, o = 0 non-universal case, as
can be clearly understood from our previous results. We find this loss of correlation a
very promising phenomenon that could be fully explored if future sensitivities of 10718 are
reached.

Secondly, it is clear from figure [1( that even in the most pessimistic situation of very
small 613, the theoretical predictions for CR(u —e, Ti), and in particular the corresponding
curved line, are well above the horizontal line at 1078, This is quite a challenging possibil-
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Figure 10: CR(u — e, Ti) versus BR(u — ev) for 250 GeV < Mgysy < 1000 GeV, and §; =
—1.8, —1.7, —1.6, 0 (crosses, triangles, asterisks, dots, respectively). We set d3 = 0, and take
my, = (101,10, 10*) GeV, A9 = 0, tan3 = 50 and R = 1 (§; = 0). From left to right and top
to bottom, the panels are associated with 613 = 10°,5°,1° and 0.2°. In each case, the horizontal
and vertical dashed (dotted) lines denote the present experimental bounds (future sensitivities) for
CR(u — e, Ti) and BR(u — e7), respectively.

ity, since for those high values of Mgygy ~ 850 GeV, whose predictions lie at the left end
of the curved and straight lines, the predicted BR(u — ey) is far below the planned 1013
sensitivity. This clearly reflects that p — e in nuclei can be a very competitive process to
study LFV within the SUSY seesaw.

Finally, and to summarise the most striking results for these NUHM-seesaw scenarios,
we plot in figure [L1] the ratio of the two predicted rates, CR(u — e, Ti)/BR(u — ey) as a
function of mpyo. Since both observables exhibit the same dependence on my;, 6; and 6,3,
the consideration of this ratio of rates allows to reduce the number of relevant parameters
to tan B, Msysy and 91 2. These last two are clearly the leading ones given that they drive
the solutions to the interesting low myo values. In this figure, and in order to maximise
the Higgs-contribution to the total p — e conversion rates we have again considered the
extreme tan 3 = 50 value. For consistency, we have set the remaining parameters to their
reference values, but as we have said, they will not play a relevant role in this study.

Leading to this scatter plot, we have scanned in the intervals —2 < §; < 0, 0 < d9 < 2
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Figure 11: Ratio CR(u — e, Ti)/BR(u — ey) as a function of the Higgs mass, mgo. We take
my, = (1019,10',10'%) GeV, Ay = 0, tan3 = 50, 613 = 5° and R = 1 (#; = 0), and scan
over 250GeV < Mgusy < 1000GeV, —2 < §; < 0, and 0 < &2 < 2 (grey dots). We have
highlighted specific choices of d2 = 0, 0.1, 0.2, 1.1 (crosses, triangles, diamonds, dots, respectively).
In each tilted cluster, we have also indicated the values of §; associated with the d5 coloured
points. The universality limit (6; = d2 = 0) is denoted by a circle. Asterisks denote points with
Mgysy = 876 GeV and 62 = 0.1.

and 250 GeV < Mgsysy < 1000 GeV. The most important conclusion from this plot is
that the ratio CR(u — e, Ti)/BR(ux — e7) can deviate from the constant prediction of
5 x 1073 of the universality case by as much as a factor of almost 10. For the scan here
conducted, the maximum value of this ratio of rates is found for §; = —1.7, do = 0.1 and
Mgysy = 876 GeV, and its size is 0.04.

Considering larger values of Msysy and identical intervals for ¢; o leads to somewhat
similar results: one finds the same pattern of clusters departing from the constant value
of the universal case, but the maximum value of CR(u — e, Ti)/BR(n — e7) is in general
smaller than the 0.04 obtained in the scan of figure [ The reason why this ratio is
not improved at values of Mgusy larger than 1TeV is because the acceptable solutions
producing the proper SU(2) x U(1) breaking do not lead to sufficiently light Higgs bosons.

Even without the knowledge of the seesaw parameters, a measurement of CR(u — e,
Ti) and BR(u — e7), together with information on tan 3 and the SUSY scale, may allow
to shed some light into the Higgs sector.

5. Conclusions

In this work we have extensively studied the lepton flavour violating process of pu — e
conversion in nuclei, within the context of the SUSY-seesaw. In particular, we considered
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two distinct scenarios, the CMSSM-seesaw, and the NUHM-seesaw, obtained by partially
relaxing the universality conditions of the Higgs boson masses. Throughout our analysis,
we compared our theoretical predictions with the present experimental bounds, and with
the challenging future sensitivities. In fact, the latter may convert processes like CR(u — e,
Ti) into one of the most sensitive probes to new physics.

We have presented here the first full one-loop computation of the y — e conversion in
nuclei, including the complete set of SUSY-loop diagrams: y-mediated, Z- and Higgs-boson
mediated penguins and box diagrams. We have also provided the full analytical results
working in terms of physical eigenstates (for all intervening SUSY and Higgs particles).

For the CMSSM-seesaw, we have considered the dependence of the conversion rates
on the several parameters defining the scenario. Choosing the well known SPS benchmark
points to specify the CMSSM parameters, we focused on the most relevant parameters in
the neutrino sector, namely on the heavy neutrino masses (my;,), the complex ; mixing
angles and the still undetermined angle of the Uying matrix, 613. As discussed here, the CRs
exhibit a very pronounced dependence on the previous parameters, with variations that can
reach up to ten orders of magnitude in the case of my, and up to five orders of magnitude
in the cases of ; and 6,3, for the investigated ranges. In turn, this strong dependence
implies that a comparison of the theoretical predictions with the present experimental
bound allows to derive indirect upper bounds for the unknown seesaw parameters.

We have pointed out that the highest sensitivity is found for the case of hierarchical
heavy neutrinos. In this case, the conversion rates are essentially dependent on my, and
61,2, manifesting an extreme sensitivity to #;3 (for the case of vanishing ;). In fact, the
values of these parameters in the upper part of their studied intervals, 102 GeV < mp, <
10 GeV, 0 < |612] < 7, 0 < arg(f12) < 7/2 and 0° < 013 < 10° are already in conflict
with the present upper bounds on CR(u — e, Ti) and CR(p — e, Au).

We have put special emphasis on the sensitivity of the CR(u — e,Ti) to 613, given
that either a measurement, or a more stringent bound on this parameter is expected in
the near future [[IJ]. Therefore, and once 63 is measured, a dedicated study of the p — e
conversion rates could provide some insight into the potentially unreachable heavy neutrino
parameters.

In all the studied examples of the CMSSM-seesaw, the dominant contribution to the
i — e conversion rates clearly arises from the photon-penguins. Even though we have
verified that the Higgs contributions do indeed grow with tan® 3, they induce contributions
which are several orders of magnitude below those of the photon (which grow as tan? 3)
for all the studied interval 5 < tan 8 < 50. A very interesting departure from this situation
occurs when one relaxes the universality condition for the Higgs soft-breaking masses, and
this fuelled our interest to consider the NUHM-seesaw.

In the case of the NUHM-seesaw, we explored the influence of the non-universality
hypothesis of the soft-SUSY breaking masses My, , on the p — e conversion rates. The d;
and & parameters that describe the departure from universality in the Higgs sector have
an important impact on the predicted Higgs boson masses. In particular, we have found
regimes for 1 2 with very interesting phenomenological implications, namely the possibility
of a light Higgs spectrum, even in the limit of large soft-SUSY masses. As a concrete
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example, we recall that for the reference choice of §; = —1.8, §o = 0, we find myo =
113, 174 and 127 GeV for Mgysy = 250,500, 850 GeV respectively (in turn associated with
moderate, heavy and very heavy sparticle spectra).

The distinctive NUHM-seesaw scenarios associated with light H° bosons and a rela-
tively heavy SUSY spectra induce very interesting and unique predictions for the pu — e
conversion rates. Specifically, we have shown that in the large Msusy = Mo = M/, region
(e.g. above 700 GeV), there is a strong enhancement in the Higgs-dominated rates, leading
to a remarkable loss of correlation between the CRs in nuclei and the BRs of 1 — ey decays.
As we aimed at illustrating in figure [, the departure from the linear correlation of these
two observables can be sizable. It is worth stressing that if both these rates and 6,3 are
measured, values of BR(u — ey) and CR(u — e, Ti) that clearly deviate from the expected
SUSY-seesaw ratio in the photon-dominated case, can provide indirect information into
the structure of the Higgs sector.

It is also important to remark that with the expected future sensitivities, ; — e con-
version in nuclei maybe sensitive to LF'V signals that lie beyond the reach of the future
sensitivities to y — ey decays. For example, this can occur for a heavy SUSY spectrum,
and very small values of 3.

Finally, we considered the predictions for the ratio CR(u — e, Ti)/BR(u — ev) as a
a function of myo in NUHM-seesaw scenarios, comparing the results with those obtained
for the CMSSM-seesaw case. The most important conclusion to be drawn from this study
(which is presented in figure [[1]) is that in the NUHM-seesaw one can observe a clear
deviation from the constant prediction of the CMSSM-seesaw by as much as a factor close
to 10. If such deviation is indeed observed, we can obtain some indirect hints regarding
the SUSY Higgs sector.

In summary, with the expected future sensitivities, —e conversion in nuclei can clearly
be more competitive for the study of LFV in SUSY-seesaw than p — ey, and certainly
provide an important tool for the study of the Higgs sector.
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A. One-loop formulae for p — e conversion in nuclei

In this appendix we collect all the analytical results of the SUSY one-loop diagrams that
contribute to the u—e conversion rates in nuclei. These are summarised by the photon-
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Figure 12: Relevant SUSY one-loop diagrams for the photon-mediated contributions to p — e
conversion in nuclei.

, Z-boson- and Higgs-boson- penguins and box diagrams in figures [[2, [[3, [4 and [I7,
respectively. In the following subsections we present the relevant formulae for each separate
contribution. All the loop functions in the formulae are taken from [B3, [].

A.1 Form factors for the yue vertex

Our convention for the form factors Af’f defining the yue vertex is as follows:
ie [qQVQ(AlLPL + AltpPg) + imuaagqﬁ(AgPL + AgPR)] , (A1)

where ¢ is the off-shell photon momentum, Pr, r = (1 F 75)/2, e is the electromagnetic
charge and m,, is the muon mass.
In the SUSY-seesaw context there are one-loop contributions to these form factors that

come from the chargino and neutralino sectors respectively,
ALR — AWLE L g@LE 1 9, (A.2)

The neutralino contributions are given by,

amr_ Y R yRe L 2 — 9z ax + 18224 — 1123 + 627 logzax
1 - 57672 eAX ,u,AXmg (1 1
Ix — TAX)
gz _ 11 L L 1 —6zax + 3254 + 223 — 624 logwax
2 3972 —mlgx eAXVuAX 6(1—zax)*
NE R me1—6xAX+3x§1X+2x‘?4X—6xixlongX
+Neax HAX ]
My 6(1—zax)
mgo 1 — 2% +2z4xlogTax
+ Nox N —2 AX ; (A.3)
‘ M my (1-zax)
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Figure 13: Relevant SUSY one-loop diagrams for the Z-mediated contributions to y—e conversion
in nuclei

AR = AT (A.4)

LR’
where z4x = mfZOA/mng and the indices are A=1,...,4, X =1,...,6.

The chargino contributions are given by

1 rn ~re 1 16—4bzax +362% — 725 +6(2—3zax)logzax

A(C)L _ C 7
1 57672 eAX Y uAX ml%x (1 — xAX)4
gqor _ 1 1 [CL L 2+ 3wax — 6% + 23 + 6zax logTax
R R me2+3:ﬂAX—6x124x+x?’4x+6xAXlongX
+CeAXCMAX_ 1
my, 6 (1 — .%'Ax)
Mg~ 3+ dwax — 2%y — 2logTax
+ Chy Ol —4 AX ; (A.5)
e % my, (1 _ :CAX)3
AP = AP (A.6)

where in this case rax = mé, /ml%X and the indices are A = 1,2, X = 1,2,3. Notice that
A

in both neutralino and chargino contributions a summation over the indices A and X is

understood.

A.2 Form factors for the Zue vertex

Our convention for the form factors Fr, r defining the Zue vertex is as follows:

—Z"'yu [FLPL + FRPR] . (A?)

The Z-boson form factors have also the two kinds of contributions, from neutralinos (n)
and charginos (c),

_ (n) (c)
Frwr) = Fpy t Fim) - (A.8)
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Figure 14: Relevant SUSY one-loop diagrams for the Higgs-mediated contributions to u — e
conversion in nuclei.

The results for the corresponding form factors are the following:

(n) 1
i’ T 1672
XA NE Ny 2B Coa(m2 ,m2, ,m20 )~ EgY) Co(m2 ,m2 ,m%,)
Tox Ba C2a(Mmp ;M0 , M3 BA g4 MggComy, »Myo Mo
[ !
+N N;LAY [ZQZXYC'24(m§Z%,mng,m2) +N N,U,AX Zé)Bl(m?(OA’mng)}},

L—R ’
1
F(C) - _
L 1672
L
X {CeBXC PEB;) Caa(m3 My mfz* ’ m%) B EB(X)mfc/} s Co (m’g’X ’ m% ’ mf%fg )]

* v l
+ CgaxxcfAY |:2QXYCQ4(m2>2£7m12/X7 )] + CeAXCMAX [Zé)Bl(m%am%X)} } )

F](%c) _ Fl(lc)

L—R ’
where again the indices are A, B =1,...,4, X,Y =1,...,6 in the contributions from the
neutralino sector and A, B = 1,2, X,Y = 1,2,3 in the contributions from the chargino
sector, and a summation over the various indices is understood.

A.3 Form factors for the Hpue vertex

Our convention for the form factors Hy, g defining the H pue vertex is as follows:

i[HLPL—i-HRPR]. (A.lO)

As in the previous cases, we separate the contributions from the neutralino and
chargino sectors,

_ 770 (p)
HL(R) HL(R) +HL(R) (A.ll)
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The results for the form factors are the following,

1
HY), =~ { [ Bolm?y ;m2y ) +m? Co(m? .m% m2y ) +mCra(m? mq ,m?, )
m2(Cyy — 012)(m mio ;M 0) N, AXDJ(‘%)ABN
+mem,, (Chy + Co)(m mio ,m %, )NZ XD(LpzéxBN

+memgo (Cr1 — Ciz + Co)(m mio ,m3 E AXD(LPQBNMBX

+mymso C12(ml ,mzo ,m % )N, AXDg%)ABN

—I—mem;& (011 - 012)(m mio 7m X% )N AXDJ('%))ABNMBX

—i-mum;(%((]m + Co)(m mio ,m 9 )N, AXDEL )ABN

+m>~<%m>~<%00(m mio 7m 0 )N AXDé LBNMBX

i
oy [ me(Cr1 — Cr2)(mo ,mi _,mi )NGx Niky
- m,uCl?(m?(?Aam? am )NeAXN;LZY + mX%CO(m?(%amlg ) )NeAXN,uAY}
Sép)
ToE e _ng [ mgBi (mio 7m12 YNLax Ny +mems Bo(m20 ;M )NeAXN,f:tX
e 1

- memuBl(mio ale )NeAXN Ax tmumgo Bo(m <0 ,le )NeAXNuAX}

(p)
. 2B1(m2, ,m? )NE(NE Bo(m? NE NDy
+m[ my, Br(mgo s mi )Neax Nyax +mumgo Bo(mgo ,m ) eAxVyax
m e

€ €

— memy By(my , m2 INEyx N +memgo Bo(m2y ,m? INEx NSy | b, (A12)

i, = )

—1,2,3. A13
Lop PELZ (A.13)

)

L(R),c Can be obtained from the

Correspondingly, the result for the chargino contribution H (
previous Hé()R) by replacing everywhere,
[
=X

NEER) _, oLR)

Driry = Wir
In the previous formulae, the index p refers to the each of the Higgs bosons. Concretely,
H, = hO, HO A° for p = 1,2, 3, respectively. The other indices are again A,B = 1,... 4,
X,Y =1,...,6in the contributions from the neutralino sector and A, B =1,2 and X,Y =
1,2,3 in the contributions from the chargino sector. A summation over all the indices is
also understood.
A.4 Contributions from box diagrams

We follow here a simmilar notation as in the previous formulae for the separate contribu-
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Figure 15: Box diagrams contributing to p — e conversion in nuclei.

tions from the neutralino and the chargino sectors. Our convention for the box diagrams

at the quark level is i B,.
The results for the vector contributions are the following:

B = o] - §Dutmty ey ) [ NN N

— NP NEQNEONED ] + Jmiamg Dol m2y 2 m2 ) x

[N N NN — NI NS N Nﬁé@] } (A.14)
BMAY — pmLV ‘LHR, (A.15)
Bow - L {—;mmmm B lenraeniiRenulenin

Fimom Dym?md_m? 2, )R R CHDH } (A.16)
BV = o { Dol 2w )OI OB O L)

g Dol i O CARCEPCER ) (aan)
B(:;Zle _ %LV‘LHR (A.18)

The results for the scalar contributions are given by:

1 1~ R(D)* R L(q)*
B‘gn)LS 1671' { Do(mio 7m20 ’Tnl2 7m2 ) x |:N;u§))( NeBg))(Nqégf)Nqug
+ NR(l) NeLEgl))(Nng/)*N(ﬁg)] + - 20,50 Do(m20 ,m20 ,le ,m2 ) X
R(D)* A+L(1) A-L R(q)* R(q)*
(N N NAD NS + NM& NSNS N2 L (A.19)
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n)RS n)LS

B{ORS — p{ts| (A.20)
¢)LS 1 1= R(D)% ~L(I) ~R(d) ~L(d)%

Btg ) - 1671'2 {ZDO (m?(; ) m?(g ’ m127x ) ml%y)cuzé(&;( CeBg))(CdA(Y) Cng)z

1 * *
+ e Domd i m, )OI A CHA ol } (A.21)

” R(l)* ~L(l L(u)* ~R(u
‘DO (m%g ) m;; ’ m% ’I’I’L2~Y )C;ug))( CeBE))(CngQ CuBgY)

R()* ~L(l R(u)* ~L(u
m~;m~gD0(m;;’m§<* m%x’mz )C,u,g))( Celg))(cuéY} Cué};}? (A22)

c¢)LS

B = B (A.23)

‘L(—)R '

The indices in the previous formulae are again, A,B = 1,...,4, X, Y = 1,...,6 in the
contributions from the neutralino sector and A, B = 1,2, X,Y = 1,2, 3 in the contributions
from the chargino sector. A summation over all the indices is also understood.

B. Relevant couplings for @ — e conversion in nuclei

In this appendix we collect the formulae for the couplings that are relevant in this work.
We follow the same notation for the couplings as in [BJ] and include here some of the
formulae presented there, for completeness. The couplings are expressed in the physical
eigenstate basis, for all the MSSM sectors involved: sleptons I x (X =1,...,6), sneutrinos
vx (X =1,2,3), neutralinos X (A = 1,...,4), charginos X4 (A =1,2) and the neutral
Higgs bosons H, (p = 1,2,3) = h% H? A°. Notice that the case H, = A° is given for
completeness but, as explained in the text, it does not contribute to the y — e conversion
in nuclei in the coherent approximation assumed in the present work.

The notation for the SM parameters that appear in the following couplings is as follows:
g is the SU(2) gauge coupling, my is the fermion mass, mw, myz are the W-boson and
Z-boson masses, respectively, and 0y is the weak angle.

B.1 Neutralino couplings

The couplings for neutralinos that enter in the one-loop diagrams computed here are the

following;:
NED —g\/_{mNA?)REl)?’ 5)x + tan QWNAleM)X} (B.1)
N — g2 {—— (tan Ow Na1 + Naz) RE?&@X + Qm:/l#sﬂ Rélz)él 6)X } (B.2)
Nﬁ?g = —gv2 { STee— BNA3RE(11)3 sx T3 3 tan 9WNA1R52)4 6)X} (B.3)
NE@ _ _gf{ % <__ tan HWNA1+NA2> Rgf?3,5)x+ﬁ%NAsR§;‘?4m}  (BA)
NZ.LA(;? = —gV2 { 2mw — 5NA4RE11L)3 5)X ; tan QWNEIRE;L,@‘)X} , (B.5)
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N — g2 {—% (; tan Oy Naj — NA2> RE?}S@ et 2m27usmﬂ m Rglﬁ) X} . (B.6)
Here, RO, R@ R are the 6 x 6 rotation matrices for the charged slepton, down squark
and up squark sectors, respectively, and N is the 4 x 4 rotation matrix for the neutralino
sector. For completeness, we have written the full set of couplings, including the three
fermion generations. The displayed notation for the sfermion rotation matrices with three
entries R correspond with the three generic possibilities to fermion index i. The fermion
masses are correspondingly, my, = me, my, ms; mq, = Mg, Mg, mp and My, = My, Me, Ny
Notice also that, although we use the same notation for the squark and slepton sectors,
and since we have not included mixing in the quark sector, the 6 x 6 rotation matrices R(@
and R®are block diagonal in flavour space and only I — R mixing occurs in that case.

B.2 Chargino couplings

The couplings for charginos that are present in the one-loop diagrams computed here are
the following:

L) _ my; (v)

Ciax = \/—mw os ﬁ 2R (153)x (B.7)
R(l

CZA()g = _gVAlRél)Q 3)X (BS)
L{d) _ M, (u)

Ciax = \/_mw cos 3 ZR(1 3,5)X° (B.9)
R(d

O = _gVAlel,)?,,S)X + 9\/—mW SlnBVAzREQ)4 6)X (B.10)
Liu) _ Moy, * p(d)

CiAX - g\/_mw sinﬁ AQR(17375)X5 (B.ll)
R(u myg,

CiA(X) = _gUAlRE1)35 X +gm A2REQ)4 6)x " (B.12)

Here R™) is the 3 x 3 rotation matrix for the sneutrino sector, and U and V are the 2 x 2
rotation matrices in the chargino sector. The displayed notation for the three entries in
the sfermion rotation matrices is as in the previous neutralino couplings. The rotation
matrices for neutralinos and charginos can be found in [[i2] and [[£).

B.3 Z boson couplings

Z )Z% )2% coupling;:

L(n) g 1L g 1 * 1 *
E = 0] = > | —=Ny3N —N g4 N B.13
AB cos O ~AB T o < 5 Va3lNps T 5 Nag B4> ) ( )
R(n) g "R g - -
FE = —0 = —" | —=N3:N, — N, N . B.14
AB cos Oy ~AB o ( 5 Va3VB3 + 5 VaalVB4 ( )
Z)ZJAF)ZE; coupling;:
L g R g 1 * *
EASBC) = s HWOIAB i [— (5 - 3%4/) UxUpz — C%A/UAlUBl] ,  (B.15)
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R(c g 9 1 * i
BN — Oy = “or [— (- - 8124/> VaaVise — C%/VVAlvBl] :

" cos Ow 2

Zl~Xl~y coupling;:
@ g - 1 OF 0) Wx )
Xy =T Z [(‘5 12xv> Rop 1 xBop 1y + WRQk,XRQk,Y} :
k=1

ZUx Dy coupling:

@ ___9 5
QXY %2 XY
ZIl coupling:
Om__9 | v o
Zp = Tew [—5 +5W] )
70 _ 9 2
R CWSW
Zqq coupling:
Y
70 = Lm0
0%

Zla) _ 9 2
R CWQqSW

We have used here the short notation sy = sin 6y and ¢y = cos Oy .
B.4 Higgs boson couplings

pr(%)z% coupling;:

g * * *
DgllB = Yoty [(SWNB1 — cw Npy) <U§ )N + U(p)NA4>
+ (swiNi = ewNig) (o1 Nis + 0 N3 )|
) )
Dl(é),AB = D(LI?AB'

pr(jf(f; coupling:

9 * * * *
W[(/I,)AB = _E |:_0-§p) UBQVAl + O-ép) UBIVA2:| s
WI(%Z,?L!B = _% [ ( *U a2V +J§ p)* UA1V32}

HPZNXZ} coupling;:

A * l *(l *(l 1)
) = o oL DAY+l DY + 0 TR+l ) )

x(1 l *(1 l )
L DR+l )+ o) TR+ o, D)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)

(B.25)

(B.26)

x(1 l l l
o R R + ofh RN R + o R RGy + o R RS L (B27)
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with

2
®» _ Mz (1 2 my (p)
ILLL = cos Oy 73 <2 S W> + myy cos B4
2

() _ Mz P (20 my (p)
IRRL = o5 0 3 (sin” Ow) + AL

) _ (4 _ _(p)* my

ILRI = < o A - o3 ,u> 2myy cos 3’

) _  (p)=*
9rL1 = 9LR>

with A; = (4;)%/(Y;)% (at the EW scale), i = 1,2,3 for [ = e, i, 7, respectively.

H,vxvy coupling:

XY = =g |9l BT R + o) RS RS
with
w ___Mz
ILLYy = "3 cos Ow %
le_l coupling;:
(p) _ mi; (p)*
Sii = g2mw cos ﬂal ’
S(P) — S(p)*
R Ll -
H,dd coupling:
(» _ md, (p)*
SL’d N meW coS ﬁal ’
g = s
Hpuu coupling:
g _ My, (p)*
Lu 2myy sin ﬂaQ
s, = st
In all the above equations,
sin «
ng )= | —cosa )
isin 3
cos «
Uép) = sin «v ,
—icosf3
sin (o + )
aép) = | —cos(a+p)
0
—sina
aip ) = CoS & )
0
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